The first high-resolution (R∼50,000) optical spectrum of the B−type star, LS III +52
INTRODUCTION
The discovery of high Galactic latitude cool (F, G, K) and hot (O,B) post Asymptotic Giant Branch (post-AGB) supergiants -e.g., HD 161796 (Parthasarathy & Pottasch 1986 ) and LSII +34
• 26 (Parthasarathy 1993 ) -indicated that K, G, F, A, O, B post−AGB supergiants form an evolutionary sequence in the transition region from the tip of the AGB into the early stages of Planetary Nebulae (PNe). Since then, several cool and hot post−AGB candidates have been identified (Pottasch & Parthasarathy 1988 ; Parthasarathy ⋆ E-mail: gsarkar@iitk.ac.in & Pottasch 1989; García−Lario et al. 1997a; Parthasarathy et al. 2000a ). Gauba & Parthasarathy (2003 , 2004 analysed the UV spectra and circumstellar dust envelopes of several hot post−AGB stars from the above lists, including LS III +52
• 24. Yet to date, the high-resolution (R 30,000) optical spectra of only a few hot post−AGB stars have been studied (Sarkar et al. 2005 and references therein). In order to unveil the evolutionary origins, atmospheric parameters, and chemical compositions of hot post-AGB stars, there is a clear need to carry out detailed spectroscopic studies of more examples of this exotic class of post-AGB stars.
The optically bright B−type star, LS III +52
• 24 identified with the IR source IRAS 22023+5249 (hereafter, I22023) has far−IR colors similar to PNe (see Table 1 ). It is listed in Wackerling's (1970) Catalog of early−type emission−line stars. Recent ground−based high spatial resolution images in the near-IR have shown H2 emission arising close to the central star, possibly in an incipient bipolar morphology (Volk et al. 2004 ). Indeed, Kelly & Hrivnak (2005) show that the excitation mechanism of the H2 emission in I22023 is a combination of radiative (fluorescence) and thermal (shock) excitation. Gauba & Parthasarathy (2004) reported the presence of weak amorphous (10.8µm) and crystalline (33.6µm) silicate features in the I22023's Infrared Space Observatory (ISO) spectrum and classified the object as O-rich. However, more recent and higher sensitiviy Spitzer/IRS spectra show that I22023 display a mixedchemistry (both C-rich and O-rich dust features) with the presence of the classical aromatic infrared bands (AIBs; e.g., those at 6.2, 7.7, 8.6, and 11.3 µm) together with broad 10 µm amorphous silicate emission and a strong IR excess (Cerrigone et al. 2009) .
In this paper, we explore the first high-resolution (R∼50,000) optical spectrum of I22023 in order to unveil its evolutionary status and chemical composition and to learn about the stellar origins of this peculiar type of hot post-AGB stars. In Sect. 2 we briefly describe the optical observations of I22023 and the data reduction process. A detailed analysis of the optical spectrum is presented in Sect. 3 while the photospheric and nebular analysis performed are shown in Sect. 4. We finish with a discussion and conclusions in Sect. 5.
OBSERVATIONS AND DATA REDUCTION
I22023 was observed on 14 July 2001 using the Utrecht Echelle Spectrograph (UES) on the 4.2m William Herschel Telescope (WHT) at the Roque de los Muchachos Observatory in La Palma (Spain). The observations were made with the 31.6 lines/mm echelle grating (E31), SITe1 CCD (2048 × 2048 pixels of 24 µm), a slit width of 1 ′′ on the sky and a central wavelength of 5500Å, resulting in a resolving power of R∼50,000. The wavelength coverage was 4290−4735Å , 4760−5553Å and 5607−9015Å. A Th−Ar comparison lamp was used for wavelength calibration.
The one-dimensional spectrum was extracted using standard reduction procedures for echelle spectroscopy in the IRAF package. The data reduction steps included bias and scattered light subtraction, flat-field correction, order extraction, and wavelength calibration. The reduced spectrum was continuum−normalised. The final signal-to-noise (S/N) ratio varied from 30 in the blue to more than 60 towards the red end of the spectrum.
ANALYSIS OF THE OPTICAL SPECTRUM
Equivalent widths (W λ ) of the absorption and emission lines were measured. Deblending was done whenever required to obtain Gaussian fits to the blended line profiles. The complete continuum−normalised spectrum of I22023 is presented in the appendix (Figure 4 ). This spectrum would be useful for future observers since post−AGB stars show both short and long−term variability in the absorption and emission line strengths and profiles. P−Cygni profiles detected in these stars are also expected to vary as the stellar wind and post−AGB mass loss rates may show variations as the star evolves. The line identifications are presented in Tables 2 to 5 and are based on the Moore  multiplet table ( 1945) and the linelists of Parthasarathy et al. (2000b) , Klochkova et al. (2002) and Sarkar et al. (2005) . Unidentified lines are denoted by "UN". Night sky emission lines denoted by "atmos." were identified from Osterbrock et al. (1996) . The laboratory wavelengths, log (gf) values, and excitation potentials (χ) have been extracted from the Kurucz (CD−ROM 23) linelist GFALL (Moore 1945) . Ivan Hubeny and Thierry Lanz have compiled the Kurucz linelists with improved oscillator strengths from the NIST Atomic Spectra Database. For wavelengths below 7500Å we have used their data which may be retrieved from http://nova.astro.umd.edu/Synspec43/synspec−frames−data.html. Note also that in Table 2 the rest wavelengths from Hobbs et al. (2008) are given for the diffuse interstellar bands (DIBs) identified in I22023.
Description of the spectrum
The absorption and emission lines in the spectrum of I22023 are similar to those detected in other hot post−AGB stars (Parthasarathy et al. 2000b , Klochkova et al. 2002 and Sarkar et al. 2005 . suggest that photoionization has just started, although shock excitation may also be playing a role as indicated by the 40% thermal (shock) excitation to the observed H2 emission (Kelly & Hrivnak 2005) . Balmer lines of Hα, H β and Hγ show P−Cygni profiles indicating ongoing post−AGB mass loss. Some He I, C II and Fe III lines were also found to have P−Cygni profiles.
Radial velocity
Heliocentric radial velocities have been derived from wavelength shifts of the well defined absorption and emission lines (Tables 2, 3 , 4, and 5). The mean heliocentric radial velocities from the absorption and emission lines (Tables 2 and  3) are −148.31 ± 0.60 kms −1 and −144.13 ± 0.72 kms −1 , respectively. Radial velocity measurements of the forbidden lines have been excluded in estimating the mean. The quoted errors refer to the probable errors of estimation. Figure 1 shows the radial velocity trends with respect to the equivalent widths (W λ ) and lower excitation potentials (LEP) of the absorption and emission lines, respectively. Hog et al. (2000) . L flag indicates that the quoted IRAS flux density is an upper limit. and that from the Fe III(5) lines is 149.26 kms −1 . This difference in velocities indicates a deviation from spherical symmetry -possibly a bipolar morphology and the presence of a dense equatorial torus (e.g., Welch et al. 1999; Sahai et al. 2005) . Only very high-spatial resolution (FWHM<0.15") images (e.g., using the Hubble Space Telescope) may reveal the true morphology of the object. The Balmer lines Hα, H β , and Hγ in I22023 are shown in Figure 2 where the velocities are in the heliocentric frame. A more detailed modelling of these lines to derive the mass loss rate is out of the scope of this paper. The equivalent widths of the Hα emission components are related to the mass loss rates in OB stars (Leitherer 1988 (Leitherer 1988) . However, the Leitherer (1988)'s method is valid for massive stars and it may be not applicable for hot post-AGB supergiants. Therefore the mass loss rate estimated for I22023 may be not correct and hence it should be used with caution. Also, in I22023, the large equivalent width of the Hα emission component may be due to a large amount of gas in its circumstellar envelope or to the presence of a possible bipolar envelope (Volk et al. 2004 ) and may not be directly related to the mass loss rate.
Diffuse interstellar bands (DIBs)
Diffuse interstellar bands (DIBs) at 5487.69Å, 5780.48Å, 5797.06Å, 6195.98Å, 6203.05Å, 6269.85Å, 6283.84Å, 6613.620Å, etc. (Hobbs et al. 2008) were identified in the spectrum of the star (see Table 2 ). DIBs were also detected in the spectra of several other hot post−AGB stars such as IRAS 01005+7910 (Klochkova et al. 2002) , IRAS 13266−5551, and IRAS 17311−4924 (Sarkar et al. 2005) . Some of us presented a detailed analysis of the most famous DIBs in the spectrum of I22023 and in the spectra of several other post-AGB stars (Luna et al. 2008) . Luna et al. (2008) found that the DIBs' strength in post-AGB stars is consistent with the insterstellar extinction toward these sources. This implies that DIBs are not originated in the circumstellar shells of post-AGB stars. Thus, we estimate an interstellar E(B−V)=0.67 from the measured equivalent width of 0.3405Å for the 5780Å DIB and the correlation measured by Friedman et al. (2011). As we have mentioned before, a more detailed analysis of DIBs in post-AGB stars can be found in the paper by Luna et al. (2008) .
Na I D2 and Na I D1 lines
Six components were identified in the Na I D2 and Na I D1 lines (see Figure 3 and Table 5 Similarly to our previous analysis of the high-resolution optical spectrum of the hot post−AGB star IRAS 13266−5551 (Sarkar et al. 2005) , we have used the Kurucz's WIDTH 9 program and the spectrum synthesis code SYNSPEC (Hubeny et al. 1985) together with solar metallicity Kurucz (1994) model atmospheres to derive the atmospheric parameters and elemental abundances of I22023 under the Local Thermodynamic Equilibrium (LTE) approximation.
The largest number of absorption lines in I22023 are those of O II and N II. We derived the oxygen and nitrogen abundance with the WIDTH 9 program for various combinations of effective temperature (T ef f ), gravity (log g), and microturbulence (ξt). We covered 18,000 K T ef f 25,000 K and 5 ξt 10 kms −1 . From the Kurucz (1994) model atmospheres, the log g value was limited to a minimum of 3.0. For each combination of these parameters, we then syn- thesised the spectrum using SYNSPEC. The best fit to the observed spectrum was obtained for T ef f = 24,000 ± 1000 K, log g = 3.0 ± 0.5, ξt = 7 ± 1 kms −1 . Since strong lines are usually affected by microturbulence, the use of these lines in determining the atmospheric parameters of the star may contribute to systematic errors. Thus, we excluded lines with W λ 200 mÅ in our estimation of the atmospheric parameters and abundances. Line blends were also excluded from our analysis. Final abundances for He, C, N, O, Ne, and Si are summarized in Table 6 . The estimated errors in the derived abundances taking into account typical variations in the atmospheric parameters are listed in Table 7 .
He I lines
Several absorption and P−Cygni type He I lines were identified in the spectrum of I22023. The absorption lines are blends with the exception of the strong 4387.929Å He I(51) (W λ =372.2 mÅ) line and the He I(50) 4437.551Å line (W λ =78.6 mÅ). For the derived atmospheric parameters of the star, and by using spectrum synthesis, we estimated the helium abundance from the He I(50) line (see Table 6 ).
C II and C III lines
Both C II and C III absorption lines were detected in the spectrum of the star. However, the number of these lines in Table 5 ) have been labelled. Table 6 . Derived abundances for I22023. The values are for log ǫ(H) = 12.0. n refers to the number of lines of each species used for the abundance determination. For comparison we have listed the solar abundances (log ǫ(X) ⊙ )and average abundances for main sequence B−stars from the Ori OB1 association (Kilian, 1992) . The abundances were derived using Kurucz's WIDTH9 program.
† These values were derived from spectrum synthesis analysis using the SYNSPEC code. I22023 is low. Furthermore, all the identified carbon lines are blends with the exception of the C II(16) line at 5151.085Å. The carbon abundance was therefore estimated using spectrum synthesis only. The region of the C II(16) lines (∼ 5132−5151Å) was used for this purpose.
O II lines and the O I triplet
The largest number of absorption lines in the I22023's spectrum are those of O II. The O II lines with W λ 200 mÅ may be sensitive to non-LTE effects and such strong O II lines were not considered in our oxygen abundance estimation by using the WIDTH9 program. For the derived atmospheric parameters and the oxygen abundance of log ǫ(O)=8.90, we could not obtain a perfect fit to the stronger O II lines with the SYNSPEC code.
On the other hand, the (total) equivalent width of the O I triplet in the spectrum of I22023 is 1.01Å. This is comparable to the 0.95Å equivalent width of the O I triplet in the spectrum of the B1.5Ia hot post−AGB star, LSII+34
• 26 (García−Lario et al. 1997b; Arkhipova et al. 2001) . The O I triplet at λ7773Å is known to be sensitive to non-LTE effects. Indeed, we could not obtain a good fit to the O I triplet by assuming the oxygen abundance (log ǫ(O)=8.90) derived from the O II lines (Table 6 ).
N II and Ne I lines
Several N II and two Ne I lines were identified in I22023. The abundances of these lines were estimated using WIDTH9. Again, the stronger N II lines with W λ 200mÅ were not taken into account in our estimation (log ǫ(N)=8.36) of the nitrogen abundance in I22023.
Metallic lines
Only one Mg II line could be identified in the spectrum of the star. This line is blended with Al III(8). Since the Al III abundance in I22023 is uncertain (see below), we did not attempt to estimate the magnesium abundance from the blended 4481.126Å Mg II(4) line. Also, four Al III lines could be identified in I22023. Three of these lines are clear blends with other atomic species. Therefore, we estimated the aluminium abundance from the single 5722.730 A Al III(2) line by using spectrum synthesis and we derived log ǫ(Al)=6.79. This abundance from a single line with W λ =78.6 mÅ may be treated as an upper limit. The silicon abundance ([Si/H]=−0.12) was derived by using three Si III line and suggests that I22023 may be slightly metal deficient. Finally, it is to be noted here that the iron abundance could not be estimated since the iron lines in I22023 appear only in emission or show P−Cygni profiles.
Uncertainties in the abundance determinations
The standard deviation (σ) which measures the scatter in the abundances due to individual lines of a particular species was estimated using WIDTH9 (Table 6 ). The true error, σ/ √ n, would be smaller for species with a greater number of lines (n). Table 7 gives the uncertainties in the abundances due to typical uncertainties in the model atmospheric parameters taken for the modelling: ∆T eff =−1000K, ∆log g=+0.5, and ∆ξt=+1 kms −1 . Thus, the formal error (always 0.3 dex) in the derived abundances is the quadratic sum of the uncertainties introduced by typical variations of the atmospheric parameters and it is given by σm in Table  7 .
Analysis of the emission line spectrum
Several permitted and forbidden emission lines were identified in the spectrum of the star and are listed in Table  3 . Nebular parameters and expansion velocities were determined using the forbidden lines (see below).
Nebular parameters
In the absence of a flux calibrated spectrum for I22023, it is not possible to obtain the absolute fluxes in the observed emission lines. However, reliable emission line flux ratios may be deduced by combining the observed equivalent widths (Table 3) 4 cm −3 . The high electron density is comparable to that measured in the very young and compact PN Hen3−1357 Bobrowsky et al. 1998 ) which evolved from the hot post−AGB stage into a PN in the 20−30 yrs (Parthasarathy et al. 1995) .
Unfortunately, we could not derive the nebular C, N, and O abundances, which could then have been compared with the photospheric abundances to estimate the amount of material lost by the star during nebular formation and the chemical composition of the nebula. Such a calculation requires an estimate of the H β emission line flux. However, H β in I22023 shows a P−Cygni profile and it is not possible to estimate the nebular emission from this profile. Table 8 ). Note that the [N II](1F) 6583.6Å line is blended with the emission component of C II(2) 6582.88 A P-Cygni profile and has not been used to estimate the expansion velocity.
Expansion velocities
This approximation is valid when emission is confined to a thin spherically symmetric shell. However, I22023 appears to have an incipient bipolar morphology in recent groundbased high spatial (FWHM∼0.15") resolution images (Volk et al. 2004 (Volk et al. 2004 ). In addition, Cerrigone et al. (2008) studied the radio continuum emission of this object and they found that "it is difficult to interpret the morphology observed in I22023 in the framework of the standard interacting stellar wind (ISW) model (e.g., Kwok et al. 1978) , even invoking a strong density gradient in the nebula. For this object, a jet would be more likely the source of the observed morphology".
DISCUSSION AND CONCLUSIONS
Our analysis of the high-resolution (R∼50,000) optical spectrum of I22023 together with our detailed line identifications confirm that I22023 is a hot (B-type) O-rich post-AGB star (see below). That I22023 is not a normal population I B star is also suggested by the large heliocentric radial velocity of the star (−148.31 ± 0.60 kms −1 ) 1 , as measured from the absorption lines present in its high-resolution optical spectrum. Thus, it is more likely that I22023 is a post−AGB star belonging to the old disk population As a first approximation, using LTE analysis, we estimated T eff = 24,000 K ± 1000 K, log g = 3.0 ± 0.5 and ξt = 7 ± 1 kms −1 . The derived CNO abundances are compared with the average CNO abundances for main−sequence B−stars from the Ori OB1 association (Kilian 1992) in Table  6 . The CNO abundances indicate that I22023 is an evolved star. We estimated C/O ∼ 0.48, implying that the central star is O-rich and that the C/O ratio was not altered during the previous AGB phase. Our Si abundance estimate also suggests that I22023 is only slightly metal-deficient with [Si/H]=-0.12±0.10. Our derived abundances can be easily explained if I22023 is the descendant of a low-mass (e.g., below ∼1.5 M⊙) AGB star of roughly solar metallicity. Lowmass stars evolve very slowly and are expected to remain O-rich all the way along the AGB because they experience too few thermal pulses and the third dredge-up is too inefficient 2 to modify the original C/O < 1 ratio (see e.g., Herwig 2005 for a review). However, intermediate-mass (1.5 < M < 3-4 M⊙) AGB stars are converted to carbon and s-process enriched stars (see below) while massive (M > 3-4 M⊙) AGB stars remain also O-rich as a consequence of the Hot Bottom Burning (HBB) activation and experience a completely different s-process nucleosynthesis (see e.g., García-Hernández et al. 2006a, 2007a, and references therein) . Note that the low-mass interpretation for I22023 would be consistent with the fact that I22023 is an optically bright O-rich post-AGB star while more massive O-rich post-AGB stars (which experienced HBB in the AGB) usually are completely obscured in the optical range by their thick circumstellar envelopes (e.g., García-Hernández et al. 2007b ). In short, attending to the high-resolution spectrum of I22023 only, we may conclude that I22023 is a low-mass O-rich post-AGB star.
Even though the IRAS cool (e.g., F, G) and hot (O, B) post−AGB stars show supergiant like spectra, indicating an evolutionary sequence in the transition region from the AGB to the PN stage, they seem to show fundamental differences in their chemical compositions. In the high Galactic latitude hot (O-, B-type) post−AGB stars, a severe carbon deficiency (i.e., C/O<1) is detected indicating that they left the AGB before the third dredge−up (e.g., Conlon et al. 1991; McCausland et al. 1992; has enriched the stellar surface with the products of the complex nucleosynthesis (e.g., carbon and heavy s-process elements such as Rb, Zr, Y, Sr, etc.) experienced during the AGB phase (see e.g., García-Hernández et al. 2007a and references therein) . A similar carbon deficiency is also detected in the hot post−AGB stars in globular clusters Mooney et al. 2004; Jasniewicz et al. 2004; Thompson et al. 2006) . The only exception to this observational evidence is the field hot post−AGB star, IRAS 01005+7910, which shows an overabundance of carbon (Klochkova et al. 2002) . In contrast, among the IRAS selected cool (F-, Gtype) post−AGB stars there is a majority of post-AGB stars in which a severe carbon deficiency is not detected. The F-, G-type post−AGB stars with the still unidentified 21 micron emission feature show an overabundance of carbon and heavy s−process elements (e.g., Van Winckel & Reyniers 2000) , confirming that they have experienced s-process nucleosynthesis and the third dredge−up in the previous AGB phase and that they evolved from intermediate-mass carbon stars.
Interestingly, Cerrigone et al. (2009) found that I22023 is a double-dust chemistry -i.e., it displays the simultaneous presence of both C-rich and O-rich dust features -post-AGB star from their analysis of the recent Spitzer mid-infrared (∼5-40 µm) spectrum of I22023. The mixed-chemistry is deduced from the detection of amorphous silicates emission at ∼10 microns together with the classical aromatic infrared 
